The resetting of a somatic epigenotype to a
cells. In these ES cell hybrids, the inactivated X chromosome derived from a female thymocyte that thymocytes have differentiated into lymphoid cells [2] . In 45% of the hybrid clones, rearrangements specific adopts some characteristics of an active X chromosome, including early replication timing and to Tcr␤ D-J␤ 2.1, -2.2, -2.3, -2.4, -2.5, or -2.6 were found ( Figure 1a) . Similarly, rearrangements of the IgH D-J reunstable Xist transcription. We also found that an Oct4-GFP transgene, which is normally repressed in gion ( Figure 1b ) and the V-J region of Tcr␦ ( Figure 1c ) and Tcr␥ ( Figure 1d ) were found in some clones. In total, thymocytes, is reactivated 48 hr after cell fusion. The pluripotency of the ES-thymocyte hybrid cells is out of 31 ES hybrid clones, 17 (55%) carried at least one of the rearrangements under investigation. Thus, in these shown in vivo, since they contribute to all three primary germ layers of chimeric embryos. The cases, the ES cells had hybridized with thymocyte nuclei after differentiation to lymphoid cells. To visualize reprogramming of the somatic cell nuclei, we used a mouse strain carrying an Oct4-GFP transgene whether reprogramming of the somatic nuclei occurred in all ES hybrid cells, thymocytes from (Rosa26 ϫ Oct4-GFP)F1 mice, which are resistant to G418 selection, were used. Following selection, 36 out of 37 (97%) clones that were obtained expressed GFP. This expression was stably maintained through several passages of subculture ( Figure  3g ,h), demonstrating reprogramming of the thymocyte nuclei in the majority of ES hybrid cells.
To investigate developmental competence, the hybrid cells were microinjected into normal diploid blastocysts ( Figure 4a ). We used one hybrid clone with a (differentiated) thymocyte from (Rosa26 ϫ Oct4-GFP)F1 mice and one with a thymocyte from Rosa26 mice. Staining for ␤-galactosidase activity showed the relative contribution of hybrid cells in each chimera, which was expected to be poor due to severe loss of tetraploid cells in chimeras of diploid and tetraploid embryos [5] . Eight out of 20 E7.5 embryos were positive, showing restricted contribution of the hybrid cells (Figure 4b ,c). Detailed analysis revealed the presence of hybrid cell derivatives in the embryonic ectoderm, embryonic mesoderm, and visceral endoderm (Figure 4d ,e). Thus, the ES hybrid cells possess the developmental potential to differentiate into the three primary germ layers of early postimplantation embryos, although we were not able to determine whether tissue-specific markers are also appropriately expressed from the thymocyte genome.
Reactivation of Oct4-GFP in ES hybrid cells. GFP-fluorescent images and bright field images of the (a,b) thymus the (c,d) ovary from
We next investigated whether nuclear reprogramming of (Rosa26 ϫ Oct4-GFP)F1 mice used for the production of ES hybrid thymocytes also affected methylation at imprinted loci. zyme HhaI, a 3.8-kb SacI probe detected paternally methylated 10-kb and 2.7-kb fragments and maternally unmethylated 7.0-kb and 1.8-kb fragments in DNA from both thymocytes and ES cells. The same pattern was (Figure 3 ). Oct4 expression is unique to germ cells, preimplantation embryos, and the epiblast of early postimplanseen in the hybrid clones, with no difference in relative intensity (RI) between the methylated (RI ϭ 0.60) and tation embryos. Therefore, the activity of Oct4 provides an ideal marker for the identification of toti-and/or pluriunmethylated (RI ϭ 0.40) bands (Figure 5a ). Similar results were obtained using the BamHI probe, which identipotent cells. The Oct4-GFP expression pattern is comparable to the endogenous Oct4 expression pattern [4] . To fied a paternally methylated fragment at 2.7 kb and maternally unmethylated fragments at 1.8 and 0.8 kb. The ensure this, transgenic thymuses and ovaries were observed. GFP was not detected in the thymocytes, but was methylated (RI ϭ 0.55) and unmethylated (RI ϭ 0.45) bands are similarly detected in all samples (Figure 5a ). detected in the growing oocytes (Figure 3a-d) . Thymocytes from the Oct4-GFP transgenic mice were hybridized Another well-characterized primary methylation imprint is an intronic CpG island of the maternally expressed Igf2r with ES cells, cultured without selection, and observed every 12 hr for GFP expression. A GFP-positive colony, gene. This region, however, is only methylated on the expressed allele [7] . Following digestion with PvuII and consisting of 16 cells located at the edge of a larger nonexpressing colony, was first detected after 48 hr (Figure 3e,f) . the methylation-sensitive restriction enzyme MluI, a 330-bp Igf2r CpG island probe detected a 2.9-kb materSubsequently, several additional GFP-positive colonies were observed on the same culture plate, prior to conflunally derived methylated fragment and a 2.0-kb paternally derived unmethylated fragment in DNA from both ence. No GFP-positive cells were found in unfused thymocytes cultured under the same conditions. To address thymocytes and ES cells (Figure 5b ). The same pattern was seen in DNA from the hybrid clones, with no differdetected in ES cells, but not in EG cells, and was detected at a ratio of approximately 1:3 (methylated/RI ϭ 0.27, ence between the RI of the methylated (RI ϭ 0.55) and unmethylated (RI ϭ 0.45) bands. These findings demonunmethylated/RI ϭ 0.73) in a 1:1 control mixture of ES and EG cell DNA. In ES ϫ EG hybrids, the methylated strate that the primary methylation of both the H19 upstream region and the Igf2r intronic region in the thymoband was lost, demonstrating that the demethylation activity present in EG cells is dominant to the methylation cyte genome is not affected after hybridization with ES cells.
imprint maintenance seen in ES cells.
We demonstrate an in vitro system for reprogramming The finding described above differs from our previous observations in hybrid clones between thymocytes and somatic nuclei by generating ES ϫ somatic cell hybrids. We used these hybrids to examine X chromosome replica-EG cells derived from gonadal PGCs of E12.5 mouse embryos [8] , in which the maternal-specific methylation tion timing, Xist RNA accumulation, exogenous Oct4 gene expression, developmental potential, and DNA methylaof Igf2r was erased. Maintenance of the somatic methylation pattern in ES hybrid cells suggests that the regulatory tion of the imprinted H19 and Igf2r genes. In female somatic cells, one of two X chromosomes is randomly mechanism controlling DNA methylation of imprinted genes differs between ES and EG cells. To investigate inactivated for dosage compensation of X-linked genes. X chromosome inactivation occurs during early cell differthis, we produced hybrids between ES and EG cells (Figure 5c) . Maternal allele-specific methylation of Igf2r was entiation and induces epigenetic modifications, including the delay of DNA replication to late S phase, DNA hyperwith ES cells. A similar situation was found in EC (embryonic carcinoma)-thymocyte hybrid cells [10] . However, methylation, and histone H4 hypoacetylation. In cloned embryos made by nuclear transplantation of somatic nuthis allele-specific methylation represents a primary imprint, which is normally retained through postfertilization clei into oocytes, the inactive X chromosome of a female somatic cell is reactivated [9] . Thus, both X chromosomes development, but not through germ cell development [6, 7] . Indeed, in EG-thymocyte hybrid cells, the somatic become active, providing an indicator for the occurrence of nuclear reprogramming. Changes in replication timing methylation pattern of several imprinted genes, including Igf2r, was disrupted, and both alleles became undermethand Xist RNA accumulation on a somatic X chromosome in ES hybrid cells indicated that somatic nuclei are reproylated [8] . Taken together, both ES and EG cells appear to retain similar cellular factors that are able to reprogram grammed after cell fusion. This was supported by our analysis of Oct4-GFP expression in the hybrids. The Oct4-the epigenetic status of a somatic nucleus, making it competent for embryonic development. However, unlike EG GFP transgene, which was repressed in thymocytes prior to cell fusion, was reactivated in the ES hybrid cells. The cells, ES cells are not able to reprogram parental imprints. Methylation analysis of Igf2r in ES ϫ EG hybrid cells third, and most conclusive, piece of evidence that the somatic nuclei were reprogrammed in the ES hybrids indicates that EG cells may carry an additional dominant factor involved in more extensive epigenetic reprogramcame from their ability to contribute to the formation of the endoderm, mesoderm, and ectoderm during early ming. Indeed, the properties of ES and EG cells appear to reflect those of their cellular origins. Thus, both ES and development of chimeric embryos. We conclude that ES cells have the capacity to reprogram at least some aspects EG cells should provide useful materials for identifying factors involved in epigenetic reprogramming and deof somatic nuclei in vitro, providing an experimental system that can be manipulated to investigate the molecular methylation in early embryonic cells and in gonadal PGCs. mechanisms involved.
Considering the cloning of animals from somatic nuclei, it is clear that the proportion of clones that survive to In contrast to the reprogramming activities discussed above, the somatic differential methylation pattern of H19 adulthood is extremely low. Loss of embryos before implantation may be in part due to the failure of nucleoand Igf2r remained unchanged after thymocyte fusion If the host ES cell chromosomes could be eliminated successfully, ES hybrid cells would provide useful therapeutic tools. Ultimately, epigenetic engineering may be enabled through the use of reprogramming factors, once they have been identified. We could then envisage the production of clonal or tissue-specific stem cells, from adult somatic cells, without the need for a contribution from mammalian embryos. Such technology would have important implications in the production of donor cells for numerous clinical applications involving cell or tissue transplantation.
